The mesquite lizard (Sceloporus grammicus) exhibits multiple Robertsonian chromosomal rearrangements (mainly centric fissions) resulting in several cytotypes. In a transitional environment from oak-pine forests to a drier xeric habitat in central Mexico, two cytotypes (F5: 2n = 34 and FM2: 2n = 46) are known to hybridize. A partial genomic library was constructed from S. grammicus genomic DNA and then screened for microsatellites. Microsatellites are short tandem nucleotide repeats that have near universal occurrence in all eukaryotic genomes. Microsatellites exhibit variable length polymorphisms that can be characterized and utilized as genetic markers for population studies. Thirteen microsatellite arrays were isolated from the S. grammicus genomic library and PCR primers were designed in the flanking regions for the amplification of these alleles. These microsatellite loci would be the primary tool used to answer behavioral, ecological, chromosomal and evolutionary questions that influence the maintenance of this hybrid zone.
INTRODUCTION
The phrynosomatid lizards of the Sceloporus grammicus complex represent a ubiquitous species group ranging throughout Mexico and into southern Texas, present exclusively at high elevations, from ± 2400-3200 m (or ± 7000-1000 ft) [1, 2] . Lizards of the genus Sceloporus are one of the most species-rich reptiles in North America with nearly 80 morphologically and ecologically distinct species, many of which occur sympatrically [3, 4] . The S. grammicus species complex is characterized by ovoviviparous females producing a single brood per year and evident sexual dimorphism including, differences in the coloration of ventral scales and overall larger body size in males. As is the case with most lizard species, males are polygynous, dominate territories that include two to six females and occasionally satellite or subordinate males [5] . Their abundance results in ease of observation and collection. Thus, they have proven to be an excellent model for the research of phylogenetic, ecological, chromosomal, evolutionary and population structure.
Members of the S. grammicus complex are currently classified as incipient species, and have been characterized by eight distinct chromosomal races or cytotypes [6, 7] . The variation between the chromosomal races is mainly due to Robertsonian macrochromosmal fissions [3, 8] resulting in individuals with karyotypes that range from 2n = 32 to 2n = 46 [6, [9] [10] [11] . The standard type (S), 2n = 32 cytotype has been supported as being the ancestral or primitive group and the centric fissions of few to all chromosomes resulted in the more derived cytotypes LS, HS, F5, F6, F5+F6, FM1, FM2 and FM3 ( Figure 1 ) [8, 10] . The ancestral cytotype is composed of six pairs of macrochromosomes and ten pairs of microchomosomes in females and 9+Y in males. As an example of the cytotype variability the F6 population differs from the S type by possessing a fixed fission of chromosome pair 6 resulting in a 2n = 34 [7, 8] .
Regions where there are relatively similar populations of individuals, that possess distinct genetic differences (i.e. cytotypes) and who have shared territories resulting in the capability for mating, can result in hybridization [11, 12] . The high degree of chromosomal polytypy within and between populations of S. grammicus is rare among non-mammalian vertebrates, and creates a unique and accessible model for examining vertebrate hybrid zones [10, 11] . Individuals of S. grammicus that have different cytotypes can still mate and produce viable and fertile F 1 generations [2, 13] . At least seven distinct narrow hybrid zones of S. grammicus cytotypes have been described in Central Mexico [10, 13] . Further studies at one of the described hybrid zones [13, 14] showed normal disjunction and balanced chromosomal segregation during meiosis of F5 heterozygotes.
The hybrid zone near Tulancingo, Hidalgo in central Mexico ( Figure 2 ) encompasses a hybrid zone that involves populations of the F5 cytotype (2n=34) and the most derived FM2 (2n=46) cytotype [2, 3, 11] .
Although the two parental cytotypes have shown a statistically significant preference for specific habitats (F5: oak forest and FM2: more xeric environments), they continue to exhibit free association and hybridization within a transitional environment ( Figure 2 ) [2, 11] . The cytonuclear structure of the F5 cytotype is characterized by fixation of the bi-armed chromosome pairs 1,2 and 6, as well as fixation of a centric fission of chromosome 5. FM2 races near the town of Tulancingo possess multiple fissions, resulting in acrocentric fixation of chromosome pairs 1, 2, 3, 5 and 6 [11] . When these two parental cytotypes cross and form an F 1 hybrid it exhibits a significant reduction in fitness [13] . There is a loss of fecundity and a reduction in clutch size in F 1 females, and meiotic nondisjunction, and higher levels of aneuploid sperm in F 1 males [11, 13, 15] . These studies [11, 16] indicate that mating occurs with approximate randomness within local neighborhoods. However, it has been shown that selective backcrosses of the F1 generations to parental genotypes can help stabilize chromosomal hybrids [11, 13, 15] . A clear reproductive cost is incurred in the production of hybrids, in comparison to pure and backcrossed individuals, our group interest is to assess the underlying means of sexual selection and mating success within these hybrid zones. Powerful molecular markers are necessary to help characterize these complex male and female interactions.
Microsatellites have proven to be ideal means to enable the development of detailed population models based on frequency and heterozygosity of identified alleles [17, 18] . In a population where basic phenotypes and morphological characters become indistinct and prove inconclusive when analyzing various evolutionary and behavioral trends, microsatellites can serve as highly polymorphic genetic markers. Microsatellites, also known as simple sequence repeats (SSR) or variable number of tandem repeats (VNTR), are regions of DNA that exhibit short repetitive sequence motifs [17, 19, 20] . These motifs are most often present in 2-6 nucleotide sequences (i.e., CA, AAT, CGGG) that are repeated for anywhere from 5-50 times [17, 21] .
The highly repetitious nature of these regions result in an increased rate of mutations due to slip-strand mispairing, decreases in the efficiency of mismatch repair (MMR) systems and less frequently, unequal crossing over during replication phases [22] [23] [24] . Microsatellites are not reserved to non-coding 5' and 3' untranslated regions and introns, but are also found in eukaryotic exons [17, 25] All positive clones were sequenced on the ABI Prism 377 DNA sequencer with BigDye fluorescently labeled dye terminators (Applied Biosystems). DNA for sequence reactions contained 0.5µg of plasmid dsDNA and 3.2pmol of the T7 primer. Sequences were then analyzed and PCR primers were designed using MacVector v6.5 (Oxford Molecular).
III. RESULTS
The modified Strassmann et al.
[21] protocol was performed in three replications resulting in the creation of three partial genomic libraries. Hybridization of the membranes led to the identification of 45 positive clones from a total of 4,430 colonies ( Table 2) . Sequencing of the positives confirmed that 15 contained microsatellites, 13 of which had unique flanking sequences, allowing for primer design (Table 3) . Of these sequences only three contained perfect repeat motifs. Of the remaining sequences one contained a single base deletion, four others contained single base substitutions, and the remaining clones had multiple imperfections of the microsatellite region ( these loci are polymorphic across a narrow sampling of individuals ( Figure 3) . Primer sequences and PCR conditions are available upon request (from EA).
IV. DISCUSSION
At the end of this study we were able to isolate 15 microsatellites from Sceloporus grammicus with ≥ 5 repeat units. The relative success in isolating microsatellites from each of the three replications varied widely both in respect to the number of positives collected from the total colonies screened and percentage of colonies confirmed (Table 2) . Our results were compared against similar studies across both invertebrates and vertebrates ( the low yield in our study is consistent with the majority of other studies reviewed. Seven of the other ten literature sources listed in Table 4 collected < 2.5% of positives from the total number of colonies screened and six of the sources had <100% sequence confirmation. The variability seen in microsatellite isolation is correlated to the relative efficiency of protocols used by particular laboratories, the number and type of oligos used, as well as the overall density of microsatellites in particular genomes. The increased interest in microsatellites for genetic studies has led to the development of several different strategies to provide the most efficient means of isolating tandem repeat arrays. The choices laboratories make are dependent upon those which are cost effective and those that are available. DNA enrichment protocols can lead to a 10-15-fold increase in fragments containing microsatellite arrays prior to insertion into plasmid vectors [29, 30] . Also high-density gridded arrays of cosmid clones allow for the insertion of larger genomic fragments (19.1-53.2kb) into the vector. This allows for a greater quantity of genomic DNA to be processed in a fewer number of clones [31] . Other research groups have developed non-radioactive labeling methods, such as Boehringer Mannheim's digoxigenin labeled oligonucleotides that require chemiluminesence or colorimetric detection. Another simple and useful strategy is to run a southern blot to double check clones prior to sequencing [21, 28] .
The net yield of microsatellites isolated from any subject not only varies due to differences in experimental protocol, but also human error. Often errors in stringency of the hybridization solutions and selection of colonies based on autoradiographs will lead to false positives ([32]: and personal correspondence J. J. Agresti Medical Research Council: Molecular Oncology Group, and A. Ball South Carolina Department of National Resources). During the third genomic library screening with the 55 o C oligos there were a high number of false positives generated, that when sequenced were shown to clearly lack microsatellites. These results could very well be directly correlated to the stringency of the hybridization solutions.
Inherent difficulty in microsatellite library construction also arises due to variable densities and frequencies of specific microsatellite motifs. Reptilian genomes have a general size range of 0.9x10 9 -4.7x10 9 base pairs (2.10-10.44pg) [33] . The partial genomic library developed in this study only analyzed an estimated 1550kb ± 919kb of S. grammicus DNA. Results obtained by Olmo [34] showed that the closely related species of S. grammicus, S. occidentalis (Western fence lizard) has a genome consisting of 2.02x10 9 bp of DNA (4.72pg). Sceloporus occidentalis is a member of the S. horridus species group and like S. grammicus is a member of the monophyletic "large bodied and large scaled" (LB/LS) radiation within the genus Sceloporous [35, 36] . Based on Olmo's genome estimate, only 0.08% of the ~2.02x10 9 bp (4.72pg) was screened for microsatellites. Research in a related Sceloporine LB/LS lizard S. jarrovii, was able to isolate fifteen microsatellites with (CA) n , (CT) n and (AAT) n motifs [4] . Nine of these loci proved to be polymorphic and eight of the nine were dinucleotide repeats. Their library construction protocol utilized an enrichment step and the quantity of DNA screened is not indicated, so a comparable estimate of average Sceloporine microsatellite density is not possible.
If our estimate of genomic DNA screened is fairly accurate, it would indicate that S. grammicus has only ~20,000 trinucleotide microsatellite loci or one every 103kb. This is a striking disparity when compared to the human genome, which is comprised of 3.0x10 9 bp (7.00pg) and has been estimated to contain ~500,000 loci or one microsatellite every 6kb [37] . The average avian genome has been shown not only to be smaller but to also have lower densities of microsatellites [38] . Primmer et al. [38] found that birds have an average density of one microsatellite every 39kb or ~30,000-70,000 loci, based on a genome size estimate of 1.2x10 9 bp (2.50pg). In the brown headed cowbird, Molothrus ater, Longmire et al. [31] found that it's microsatellite density was only one repeat motif every 89kb. Invertebrates have been characterized as having relatively low microsatellite abundance as well [20] , but interestingly in at least 2 species of shrimp, particularly long microsatellites have been recovered (≤85 repeat units: [29, 39] ).
In general mammals, plants and birds have also been discovered to have certain characteristic microsatellite motifs that occur more frequently in their genomes. Mammals (rats and humans) exhibit a prevalence for (CA) n , (A) n , (AAAT) n , and (AG) n repeat motifs, while in plants (CA) n is rare but (AA) n and (AT) n are very common, and birds have a higher frequency of mono-and tetranucleotide repeats than di-and trinucleotide repeats [32, 37, 38] . The relative low yield of positive colonies from research presented in Table 4 , could correspond in certain cases to the utilization of only a single set of oligos, which limits the potential range of microsatellites that are detected.
Apart from variation in microsatellite frequency and repeats, certain plant and animal species have also been shown to have difficult to obtain microsatellites [23, 40] .
Despite the low density of microsatellites derived from some of the libraries (Table 4) , the primers that were developed all proved to amplify polymorphic loci that were instrumental in analyzing various intra-and interspecific populations. The primers that we have developed should provide sufficient polymorphic markers for further population studies of S. grammicus from the Tulancingo hybrid zone, as well as from other areas of interest. Twelve of our primers have successfully amplified loci of expected size ranges across several lineages ( Figure 3 ) and we are in the process of assessing the levels of polymorphisms for the different loci. Zamudio and Wieczorek [4] screened their S. jarrovii primers across several related taxons, but state that the primers will most likely only show significant polymorphisms across the S. torquatus group.
There are many evolutionary, developmental, biochemical, and behavioral questions that are still unanswered concerning the S. grammicus complex. Microsatellites have the potential of expressing diagnostic polymorphisms, that used in conjunction with identified chromosomal and isozyme polymorphisms with fixed genetic differences, we will develop the necessary power to distinguish the eight chromosomal races. They also have the power to assess the effect genotypes have on mate selection, especially those that result in successful backcrosses that stabilize cytonuclear structures and restore female fecundity. These loci will also be used to estimate the reproductive cost for hybrid males, by evaluating their ability to act as a dominant, territorial male and control a harem of females. Allelic frequencies will be estimated with the use of Goodnight and Queller's Relatedness software (v5.0.4) [41] . These frequencies will reveal if females are singly or multiply mated and provide estimates of male mating success within territories. After the completion of both parental and offspring genotypes, correlations between cytotypes and male territory distributions will be able to establish a size or quality difference between hybrid and pure males. These microsatellites will provide a new means of characterizing this species complex that will supplement data already collected using morphological, mtDNA and allozyme markers. 
